Background: In an interdepartmental cooperation, we investigated the feasibility and benefits of implementing dose banding of chemotherapy at our medical center. Based on this concept, chemotherapy doses are clustered into bands of similar dosage levels, thereby allowing the preproduction of frequently used standard doses of drugs, with sufficient physicochemical stability. Although established practice in the United Kingdom, there is little published evidence of its introduction elsewhere. Methods: We performed an analysis of local prescribing practice (22,310 chemotherapies) and identified gemcitabine, 5-fluorouracil, and carboplatin, among various others, as cytotoxic drugs suitable for dose banding. Results: First, we determined the physicochemical stability of the selected chemotherapy drugs during 12-weeks' storage by performing pH analysis and visual examination for color change or particles. No relevant changes were identified. Gemcitabine was selected for quantitative high-performance liquid chromatography analysis and we were able to show that ≥95% remained after 12 weeks' storage, in accordance with international guidelines. To simulate a worst case scenario, we performed microbiological stability testing of simulated cytotoxic compounding by replacing the cytotoxic drug with liquid media. Samples were incubated over defined storage time points (3, 6, and 12 weeks) and evaluated using the direct inoculation method. For the container integrity test, we deposited the samples into highly contaminated broth for 1 hour. Microbiological stability was demonstrated in both tests for the full storage period. Conclusions: Our data show that 12-weeks' storage of selected cytotoxic products is feasible from a microbiological perspective. Sterility of prepared products was maintained under extreme storage conditions. Gemcitabine content was in accordance with international guidelines after 12-weeks' storage. These results support the introduction of dose-banded gemcitabine products with the predicted advantages of optimized pharmacy workflow and reduced patient waiting times. We highlight the need for further research and consensus on the performance of purity analyses in dose-banded drug products.
Background
The number of new cancer cases is increasing (in Germany, 2012: 477,950; 2016: ≈500,000 new cases expected), accompanied by growing demand for treatment. 1 The associated workload constitutes a major challenge for In the context of these demands, the concept of dose banding was developed in the United Kingdom in the late 1990s and has since become established clinical practice. 3 Dosage of intravenous cytotoxic drugs is traditionally calculated on an individual patient basis according to body weight or body surface area (BSA). With dose banding, doses within a defined range, usually ±5% of the calculated dose, are rounded to an agreed standard midpoint dose. 4 This approach allows the preproduction of frequently used doses of selected chemotherapy drugs, assuming drug stability and storage conditions are met. Advantages include reduced patient wait times, optimized pharmacy production capacity, quality control within a standardized production process, and potential cost savings. 4, 5 Dose banding is considered a safe practice, with clinical outcomes comparable to those of conventional chemotherapy dosing.
2, [6] [7] [8] NHS England has recently introduced a national target of at least 90% of intravenous chemotherapy doses prescribed using dose banding by March 2018. The goals are to allow patients to receive treatment closer to home, thus improving their quality of life, and to generate substantial cost savings. 2 In the United Kingdom, only a few hospital pharmacies hold a manufacturing license, so many production units obtain dose-banded products from commercial suppliers. 8, 9 For in-house preparation and storage of dose-banded chemotherapy products, a detailed analysis to ensure safety and efficacy of these drug products is imperative. The transferability of published data on extended stability is limited, because pharmaceutical auxiliaries may vary between different brands. Packaging material, local manufacturing processes, and other factors may also influence storage viability. 8 The primary objectives of the study were:
• To identify the dose-banded chemotherapy products most likely to have an impact on the sterile production service.
• To determine whether the identified drug products are stable from a microbiological and physicochemical perspective for a defined period.
• To perform detailed physicochemical stability analysis on one selected chemotherapy drug product.
Methods

Ordering Frequency and Prescribing Practice
A detailed retrospective analysis of 22,310 parenteral chemotherapy products prescribed within the hematology and oncology department at our University Medical Center in 2012 was conducted using the database of our hospital's chemotherapy production software Zenzy (Dr. Heni Software GmbH & Co. KG, Kirchzarten, Germany). Overall prescribing frequency was assessed (inpatient and outpatient use) and the proportion of doses administered in the outpatient setting was calculated (Table 1) . Drugs were tabulated in decreasing order of prescribing frequency. Chemotherapy doses were banded using the logarithmic method described by Zavery and Marsh 7 (see supplemental eFigure 1, available with this article at JNCCN.org). In the logarithmic dosing scale, 100 mg is used as a starting point, with defined increments of 10.6% between standard doses going down and 11.8% going up the scale. 7 Because this scale can be extended to cover any dose range, it supports the application of one standard banding approach for any chemotherapy drug or antibody. All conventionally calculated doses, irrespective of the dosing method (BSA, body weight, or area under the curve [AUC] for carboplatin), were subsequently banded using one universal scale. The frequency of the banded doses of the chemotherapy drugs is shown in Figure 1 . In order to identify the dose-banded products most likely to impact the aseptic production service, the drugs were compared within the dose-banding model. A cutoff (viability limit) was defined for each drug product, indicating the minimum number of prescriptions required per dose band per year to make dose banding worthwhile. Considering the practicability of batch production, the minimum number of prescriptions per dose band and pharmacy production cycle was taken as 5. 8 The number of production cycles required per year was determined from published stability data by dividing 52 by the stability in weeks of the respective drug. 10, 11 Using gemcitabine as an example, assuming a stability of 12 weeks, 11 5 production cycles would be required per annum (52 weeks/year divided by 12 weeks stability = 5 cycles) ( Table 2 ). The viability limit for the individual products was obtained by multiplying the number of production cycles per year by 5 (defined minimum number of prescriptions per dose band and production cycle). For gemcitabine, the viability limit will then be 5 production cycles x 5 prescriptions per dose band = 25 (Table 2, Figure  1C ). prescribed in 2012 clustered to dose bands using the dose-banding model described by Zavery and Marsh. 7 The height of the columns corresponds to the prescribing frequency of the individual dose band. For etoposide (A) and cytarabine (B), the dose bands with high prescribing frequency are marked by the green or red bars on top. The dashed cutoff line (C) indicates the viability limit of 25 prescribed doses. The 8 viable gemcitabine dose bands exceeding the viability limit are indicated by the green arrows. x-axis: standard doses; y-axis: number of doses prescribed in 2012. Production cycle: shelf life in weeks (from literature). Viable dose-band: at least 5 manufactured products per dose band and production cycle. Number of production cycles/year: 52/stability (wk). Viability limit: Number of production cycles/y x 5.
Microbiological Stability
Samples for the microbiological stability analysis were obtained by precisely simulating each step of the cytotoxic compounding process in the pharmacy aseptic production unit using 2 different liquid media to replace the original cytotoxic substance and diluent ( Figure 2 ). Gemcitabine was used as a model for an infusion bag, and 5-fluorouracil for a syringetype product. For each of the 3 defined storage time points (3, 6 , and 12 weeks), 2 samples per liquid medium (thioglycollate and tryptone soya) were prepared with 3 samples each for time point 0, resulting in 18 samples each of the infusion bags and syringes. An intravenous administration set was attached to each infusion bag and filled with diluent (liquid medium) replicating the normal production process. Samples were stored at 28°C for a maximum of 3 months. Sterility testing was performed immediately after the sterile production process and after 3, 6, and 12 weeks. The direct inoculation method, described in the European Pharmacopoeia (Ph. Eur.) was validated and used for evaluation of sterility (Figure 2 ).
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After the maximum storage time, a container integrity test was performed on 3 of the tryptone soya sample infusion bags and syringes. 13 These sample products were placed into Mueller-Hinton broth contaminated with 10 6 CFU/mL Escherichia coli J53 for 1 hour. After removal, the compounded products were incubated at 20°C to 25°C (in accordance with the Ph. Eur. standard for incubation of tryptone soya broth) for 14 days and examined for microbiological growth by direct inoculation.
Physical and Chemical Stability
Sample Preparation and Sampling Times: For 2 cytotoxic agents given by intravenous infusion, gemcitabine and carboplatin, 18 infusions (9 with and 9 without an intravenous administration set attached) were prepared at concentrations equivalent to 3 standard doses based on the analysis of prescribing practice. For example, for gemcitabine, the standard doses selected were the lowest (1,163 mg), highest (2,540 mg), and most frequently prescribed (1,818 mg) viable dose bands, resulting in infusion concentrations of 4 mg/mL, 8 mg/mL, and 5.95 mg/mL, respectively ( Figure 1C ). Three sample syringes of Number of production cycles per year: 52/stability (wk). undiluted 5-fluorouracil were prepared because further dilution of the manufacturer's product is not required. The cytotoxic products were stored just above normal room temperature (26°C) for 3 months. This temperature was selected to cover for potential temperature deviations during the summer months. During the 3 months' storage, samples were visually inspected for change of color and the presence of particles against black and white backgrounds in accordance with the method defined in the Ph. Eur. at weeks 0, 1.5, 3, 6, 9, and 12. The pH value was determined at weeks 0 and 12 (Table 3) .
Gemcitabine was selected as the initial agent for high-pressure liquid chromatography (HPLC) purity and quantitative assay. Samples for the HPLC analysis were withdrawn through the injection port of the gemcitabine bags at weeks 0, 1.5, 3, 6, 9, and 12.
Purity Analysis: HPLC analysis (Elite LaChrom, VWR-Hitachi, Tokyo, Japan) was performed using a C18 column (CC 125/4 Nucleodur 100-5 C 18 ec, Macherey-Nagel, Düren, Germany), L-2420 UV-Vis Detector (Elite LaChrom, VWR-Hitachi, Tokyo, Japan), L-2200 Autosampler (Elite LaChrom, VWRHitachi, Tokyo, Japan), and L-2130 HPLC Pump (Elite LaChrom, VWR-Hitachi, Tokyo, Japan). The mobile phase consisted of 1 mL of phosphoric acid 85% made up to 1 L with distilled water and 30 mL methanol R added thereafter. An isocratic method was used with a flow rate of 1 mL/min and injection volume of 1 mcL. The analysis was conducted at different wavelengths: 275 nm (from Ph. Eur.
12
), 238 nm (as for the quantitative analysis of gemcitabine), and 210 nm (adapted from Jansen et al 14 ) . A literature search was conducted using PubMed, Reaxys, and SciFinder to identify predicted impurities and 12 (B) Through incubation of the media-filled chemotherapy bags, initial sterility is shown. In the actual sterility test, the preparation of cytotoxic drugs was simulated step-by-step using liquid medium instead of cytotoxic drugs. (C) The resulting products were stored for different storage times up to 12 weeks and then tested for sterility. Abbreviations: ae, aerobic; anae, anaerobic; CTx, chemotherapy; max, maximum. their properties. Impurities present in the samples were identified via ultraviolet (UV) and mass spectrometry and subsequent comparison with the literature.
12,14
The quantification of impurities was performed using the chromatograms obtained at 275 nm and comparison with the gemcitabine AUC in accordance with the gemcitabine Ph. Eur. monograph.
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Quantitative Analysis: The HPLC quantitative assay was performed the same as for the purity analysis, with detection at 238 nm, to identify the quantity of gemcitabine present in the solution at different storage time points. The method applied complied with the suitability criteria described in the Ph. Eur. 12 The initial gemcitabine content (determined at week 0) was set as 100%. The change in gemcitabine content over time was then compared with international guidance.
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Results
Ordering Frequency and Prescribing Practice
From 22,310 (100%) parenteral chemotherapy products prescribed during 2012, the most frequently ordered cytotoxic drugs overall were etoposide (2,031; 9.1%), cytarabine (1,604; 7.2%), and gemcitabine (1,532; 6.9%) ( Table 1 ). In the outpatient clinic, 13,237 (59.3% of the total) chemotherapy products were prescribed. Of these, gemcitabine (1,338; 10.1%) and 5-fluorouracil bolus (1,013; 7.7%) were most frequently ordered (Table 1) .
A comparison of chemotherapy drugs with regard to viability of dose banding is shown in Table  2 . Gemcitabine was suitable for dose banding as 98% (1,503) of the total gemcitabine prescriptions (1,532) fell into viable dose bands ( Table 2 ). The 8 viable dose bands identified for gemcitabine are shown in Figure 1C . Other potentially suitable drugs were rituximab (95%), 5-fluorouracil bolus (92%), and etoposide (88%) (Table 2, Figure 1A ). Cytarabine was unsuitable for dose banding due to a widely scattered range of dose bands of variable frequency, risking wasted pharmacy effort ( Figure 1B ). Based on these results and a consideration of practical aspects, gemcitabine and carboplatin infusions and 5-fluorouracil bolus were selected for further investigation of stability.
Microbiological Stability
Sterility testing of all infusion and bolus samples showed no microbiological contamination at weeks 0, 3, 6, or 12 ( Figure 2C ). The container integrity test showed similar results. After insertion of the media-filled syringes and infusion bags with intravenous administration sets into the contaminated broth, all remained sterile.
Physical and Chemical Stability
Visual Inspection and pH Analysis: Results of the visual inspection are shown in Table 3 . The finding of the very few floating particles detected in the carboplatin bags is a known phenomenon (Table 3) . 18 Results of the pH analysis showed minimal deviation between weeks 0 and 12 for the gemcitabine (<0.1) and fluorouracil (<0.05) samples. For carboplatin, pH deviation over storage time was <0.1 (12 samples) or <0.2 (5 samples), with a maximum deviation of 0.21 (1 sample) ( Table 3) . Purity Analysis: The gemcitabine purity analysis revealed a varying number of impurity peaks in the chromatogram depending on the wavelength used for detection. Using the detection wavelength of 275 nm (Ph. Eur.), one impurity was eluted at a retention time of 12.8 minutes ( Figure 3A) . The same impurity was noted at 12.8 minutes in the chromatogram obtained at 238 nm, but with a higher AUC (Figure 3B). At 210 nm, there were 4 degradation peaks: at 4.4, 5.0, 9.8, and 12.8 minutes ( Figure 3C ). The UV spectra and molecular masses of these peaks were compared and the impurities identified as 2'-deoxy-2',2'-difluorouridine (dFdU) (at 12.8 min), O 6 ,5'-cyclo-5,6-dihydro-2'-deoxy-2',2'-difluorouridine (at 9.8 min), and diastereomeric alcohols C 9 H 12 N 2 O 6 F 2 (at 4.4 and 5 min), as described by Jansen et al.
14 Of these, dFdU alone, the main inactive extracellular degradation product of gemcitabine, was described in the literature. 19, 20 The absence of additional peaks at all wavelengths confirmed that no products leaching from the container wall were detected. 21, 22 Quantitative analysis of impurities performed at 275 nm showed that the concentration of dFdU exceeded the Ph. Eur. threshold (Ph. Eur. impurity allowance: AUC impurity peak ≤0.10% of AUC gemcitabine peak) immediately after preparation (Table 4 ; in all >0.1%). Quantitative Analysis: Results of the quantitative gemcitabine analysis are shown in Table 5 . The average active drug content of the gemcitabine bags, with and without the administration set, at all concentrations and sampling time points was ≥95% of the initial concentration (SD, <1%) ( Table 5) .
Discussion
Over the past 10 years, dose banding has widely been integrated into clinical practice in the United Kingdom 3, 9, 23 but is yet to be implemented elsewhere. [24] [25] [26] This interdisciplinary project aimed to investigate its feasibility, efficacy, and practicability within the University Medical Center Freiburg. Detailed evaluation of microbiological and physicochemical by the European Pharmacopoeia, 12 one impurity peak was detected at 12.8 minutes (min), belonging to the main degradation product 2'-deoxy-2',2'-difluorouridine (dFdU). (B) At 238 nm, the dFdU peak is detected at even higher intensity compared with (A). (C) At 210 nm, the wavelength used by Jansen et al, 14 apart from the dFdU, 3 other impurity peaks are visible O 6 ,5'-cyclo-5,6-dihydro-2'-deoxy-2',2'-difluorouridine (at 9.8 min) and diastereomeric alcohols C 9 H 12 N 2 O 6 F 2 (at 4.4 and 5 min). x-axis: retention time (min); y-axis: milli absorbance units (mAU). stability of locally manufactured dose-banded chemotherapy products has not yet been published. Considering ordering frequency and prescribing practice, several chemotherapy products proved suitable for dose banding. For the selection of carboplatin, additional practical aspects were taken into account. Because carboplatin is dosed according to renal function, the current serum creatinine should ideally be determined before therapy. After waiting for the laboratory results and dose calculation, dosebanded chemotherapy bags available off-the-shelf could represent a valuable solution to save on production time and improve patient satisfaction.
The microbiological analyses were performed using liquid medium in place of the chemotherapeutic agent, because some cytotoxic drugs have antimicrobial properties. This facilitated the distinct identification of potential microbiological contamination in line with the usual "Media-Fill" process for qualification of production processes. [27] [28] [29] Attaching the intravenous administration set to the infusion bag as part of the pharmacy sterile production process reflects the current practice at large cancer centers to reduce the risk of inadvertent cytotoxic exposure during administration. Because the connection between infusion bag and intravenous administration set may constitute a predetermined breaking point and has not been checked for microbiological integrity, a container integrity test was performed in this analysis. Demonstration of complete microbiological integrity under extreme conditions, as found in a bacteria bath, was therefore significant.
Sterility and physical and chemical stability represent the basic requirements to support the implementation of dose banding in clinical practice. As expected, a few particles were noted in the carboplatin infusion bags. This known phenomenon led to a recommendation by the Federal Institute for Drugs and Medical Devices (BfArM) in 2012 to filter carboplatin-containing drugs with a 0.2-mcm filter during administration. 18 The pH of carboplatin infusions fluctuated by >0.3 within samples of the same concentration. However, the relatively small pH differences (≤0.21) over the full storage period were considered irrelevant because the rate of hydrolysis of carboplatin is similar between pH 4 and 7 and a pH range of 3.5 to 6.5 is permitted for infusions prepared in 5% glucose.
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A subsequent purity analysis proved challenging. The Ph. Eur. recommendations on impurity thresholds at specified HPLC wavelengths apply only to the analysis of pure gemcitabine and its impurities in the form of byproducts from the production process.
12 As a solution for infusion, the expected impurities in our compounded gemcitabine infusions are hydrolytic degradation products and may additionally include leachables from the infusion bag. 22 These impurities may escape detection if analysis is limited to the UV wavelength stated in the Ph. Eur. For infusion products, there is no official standard of wavelengths to determine the presence of impurities or the predicted degradation products. However, a literature review did provide guidance; the article by Jansen et al 14 was most valuable for identifying these impurities.
Impurity thresholds based on the maximum daily dose of active ingredient in new drug products are identified in the International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH) guidelines, but their practical value is limited. 31 In order to determine the absolute content of impurities postulated by ICH, the respective reference substances are required. However, these are not generally available and the pharmacologic properties of the impurities are unknown, which constitutes a considerable challenge. Because the first industrial dose-banding products are currently entering the European market, these remaining questions should be addressed by subsequent analyses and guidelines.
The quantitative analysis of compounded gemcitabine infusions showed that, on average, ≥95% of active drug remained after 12 weeks storage. This is consistent with accepted pharmaceutical practice of the active drug content being ≥90% at time of administration. 16, 17 The standard agreed upon at the European Consensus Conference of an active agent threshold for cytotoxic drugs of 95% 15 was also met up to the maximum 12 weeks' storage time. These data support the preproduction and subsequent storage of infusion bags of the commonly used banded doses of gemcitabine.
Conclusions
Dose banding constitutes an innovative and efficient chemotherapy dosing and supply concept for large cancer centers. Service improvement without compromising the quality of patient care is an obvious advantage of dose banding. Detailed retrospective analysis of local prescribing practice identified several chemotherapy substances with potential for dose banding. This study demonstrated the microbiological stability of bolus syringes and infusion products, with and without intravenous administration sets, and the quantitative stability of gemcitabine products during 12 weeks' storage. This analysis also addressed key aspects in purity analysis for stored parenteral cytotoxic drug products. Further work is required to develop guidance on purity analysis and impurity thresholds, because we consider these analyses to be of unique importance in making the use of dose banding in clinical practice even safer.
